ABSTRACT NADP-glyceraldebyde-3-P dehydrogenase of spinach (Spinacis okraces) chloroplasts was activated by thioredoxin that was reduced either photochemicaUy with ferredoxin and ferredoxin-thioredoxin reductase or chemicafly with dithiothreitoL Tle activation process that was observed with the soluble protein fraction from chloroplasts and with the purified regulatory form of the enzyme was slow relative to the rate of catalysis.
The ferredoxin/thioredoxin system is a newly found mechanism that links light to enzyme regulation in chloroplasts (5, 6, 21, 26) . In the light, electrons from Chl are transferred to ferredoxin and then via the enzyme ferredoxin-thioredoxin reductase to thioredoxin. Reduced thioredoxin, in turn, activates certain regulatory enzymes of chloroplasts (26, 27) . In the dark, the activated chloroplast enzymes are deactivated by, depending on the enzyme, either a soluble oxidant (e.g. GSSG,2 dehydroascorbate [261) or an as yet unidentified membrane oxidant (27) . In chloroplasts, this, and possibly other (2) "oxidation-reduction" mechanisms may act in conjunction with ion-mediated (9, 24) and effectormediated (14, [18] [19] [20] 25) systems of enzyme control.
Until now, the only member of the reductive pentose-P cycle shown to be activated photochemically by the defined ferredoxin/thioredoxin system is fructose 1,6-bisphosphatase (6, 26) . We now report evidence that another enzyme of the cycle that is known to be activated by light; viz. NADP-glyceraldehyde-3-P dehydrogenase (2, 30) can also be activated by the ferredoxin/thioredoxin system. The regulatory form of NADPglyceraldehyde-3-P dehydrogenase (25) (21) . The NAD-linked activity that accompanies the regulatory form of the enzyme (20, 25) was unaffected under these conditions. A preliminary account of these findings has been published (22) .
MATERIALS AND METHODS
Plant Material. Spinach plants (Spinacia oleracea var. Resistoflay) was grown in nutrient solution in a greenhouse (12) .
Reagents. Biochemicals were purchased from Sigma Chemical Co. Enzyme solutions of yeast glycerate-3-P phosphokinase were diluted daily in water from the ammonium sulfate suspension. All other reagents were purchased from commercial sources and were of the highest quality available.
Preparation latory form of NADP-glyceraldehyde-3-P dehydrogenase was partially purified from spinach leaves by a modification (25) of the procedure of Pupillo and Giuliani-Piccari (20) . Experiments were with preparations that were less than I week old. Procedures previously devised were used for purification of ferridoxin (4), thioredoxin (28) , and ferredoxin-thioredoxin reductase (28) . Analytical Methods. Earlier described methods were used for determination of Chl (3) and protein (15) . Assay of Glyceraldehyde-3-P Dehydrogenase. NAD(P)-glyceraldehyde-3-P dehydrogenase was assayed as described before (25) .
In experiments with chloroplast extract, glycerate-3-P kinase could be omitted from the assay mixture because of the presence of high amounts of endogenous enzyme (13 RESULTS AND DISCUSSION Figure I shows the effect of DTT-reduced thioredoxin on the NADP-glyceraldehyde-3-P dehydrogenase activity of a soluble protein fraction from chloroplasts ("chloroplast extract") and of a purified preparation from leaves. In each case, thioredoxin added in the presence of DTT eliminated the lag period characteristic of the regulatory form of the enzyme (25) and increased the rate of reaction. The initial velocity of the thioredoxin-activated enzyme was about 4 times greater than the initial velocity of the unactivated control for chloroplast extract (30 versus 8 nmol of NADPH oxidized/min) and 10 times greater than the initial velocity of the unactivated control for the purified enzyme (80 versus 8 nmol of NADPH oxidized/min). Because of its activation by effectors (ATP and NADPH) that were supplied as substrates in the assay mixture (20, 25) , the activity of the control enzyme increased with time. The apparent effect of thioredoxin is reduced to about a 2-fold increase in activity (Fig. 1) In Figure 1 , enzyme activity was measured by following NADPH oxidation in the presence of glycerate-3-P, ATP, and glycerate-3-P kinase. A similar activation by reduced thioredoxin was observed when the enzyme was assayed in the opposite direction i.e. by following the reduction of NADP (also an effector of the enzyme) in the presence ofglyceraldehyde-3-P and arsenate (25) . The NAD-linked activity associated with the purified enzyme was not affected by reduced thioredoxin under either of these two assay conditions.
An activation of the NADP-linked enzyme similar to that observed with reduced thioredoxin was found in earlier investigations with the enzyme effectors ATP, NADPH, and Pi (20, 25) . In the effector experiments (and in the thioredoxin experiments described here) maximal activation of the NADP-linked enzyme required a preincubation period prior to initiation of the catalytic reactions. The need for preincubation for maximal thioredoxinlinked activation supports the view (25) that a structural change accompanies activation of the enzyme and that this change is slow relative to the rate of catalysis. In the thioredoxin experiments described here, DTT could not be replaced by reduced glutathione or 2-mercaptoethanol (6, 21) . Anderson (1) previously observed an enhancement of the NADP-glyceraldehyde-3-P dehydrogenase activity in extracts of etiolated peas when the assay was executed in the presence of DTT. 16 ,ug of Chl or partially purified regulatory enzyme (9 ,ug of protein) was preincubated for 3 min in 0.1 ml of a solution containing 10 umol of Tricine-NaOH buffer (pH 8.4) and, as indicated, I ,umol of DTT and 50 pAg of thioredoxin. After preincubation, the mixture was injected into a 1-cm cuvette of l-ml capacity that, in a final volume of 0.9 ml, contained 2 units of glycerate-3-P phosphokinase and the following (umol): TricineNaOH buffer (pH 8.4), 40; MgSO4, 10; Na-glycerate-3-P, 5 pmol of Tricine NaOH buffer (pH 8.4). Vessels were equilibrated at 20 C for 6 min with N2, the enzyme was added from the side arm, and the mixture was illuminated for 10 min (20,000 lux). Final volume, 0.4 ml. Following activation, an aliquot of 0.1 ml was injected into the reaction mixture and assayed as described in Figure 1 .
The present finding that NADP-glyceraldehyde-3-P dehydrogenase is activated by chemically reduced thioredoxin raises the question whether activation can be achieved with thioredoxin that is reduced photochemically by chloroplasts. The evidence in Figure 2 speaks to this question in the affirmative. The purified regulatory form of NADP-glyceraldehyde-3-P dehydrogenase was activated by illuminated chloroplast membranes in a reaction that eliminated the lag phase referred to above and increased the activity relative to the initial and final velocities of the control by respective factors of 6 and 2.5. Activation in the photochemical system was dependent on the soluble proteins shown previously to be required for maximal light-dependent activation of fructose 1,6-bisphosphatase under similar experimental conditions, ie. ferredoxin, thioredoxin, and ferredoxin-thioredoxin reductase (26) . For unknown reasons, the reductase requirement for the activation of NADP-glyceraldehyde-3-P dehydrogenase was not consistently as strict as the requirement for ferredoxin and thioredoxin.
The specific activity of the regulatory form of NADP-glyceraldehyde-3-P dehydrogenase activated by ferredoxin-reduced thioredoxin (2-3 umol of NADPH oxidized/min -mg of protein) was somewhat less than the specific activity observed when the enzyme was activated by DTT-reduced thioredoxin (4-10 smol of NADPH oxidized/min -mg of protein). The relation of the partially purified regulatory form of the enzyme used in the present investigation to the pure preparations of a form of the enzyme that did not require activation (16, 29) remains to be determined.
An important aspect in the regulation of chloroplast NADPglyceraldehyde-3-P dehydrogenase, or of any other regulatory enzyme, is the manner by which the activated enzyme is deactivated. With fructose 1,6-bisphosphatase (26) , the thioredoxin-activated enzyme is deactivated by soluble oxidants such as GSSG and dehydroascorbate. On the other hand, the deactivation of NADP-malate dehydrogenase (another chloroplast enzyme that may be regulated by the ferredoxin/thioredoxin system [271) appears to be independent of soluble oxidants and to be achieved by a membrane-bound component.
Against this background, we investigated the mechanism of deactivation of NADP-glyceraldehyde-3-P dehydrogenase and obtained results which indicate that this enzyme differs from Plant Physiol. Vol Purified NADP-glyceraldehyde 3-P dehydrogenase (9.0 ug) was activated with dithiothreitol and thioredoxin as described in Fig. 1 . Following activation, 0.01 ml of 0.25 M GSSG was added, the enzyme was incubated for either O or 5 min, and the enzyme solution was injected into the assay mixture. Other experimental conditions as in Fig. 1 .
Photochemical activation of purified NADP-glyceraldehyde-3-P dehydrogenase (108 jg) was as described in Fig.  2 .
At the end of the 10-min illumination period, either 0.03 ml of H20 or 0.25 M GSSG was added anaerobically to the reaction vessel. Then the lights were extinguished, the sample was incubated an additional 5 min, and 0.1 ml was withdrawn and injected into the assay mixture. Other experimental conditions were as in Fig. 2. others that have been examined (Table I) . Thus, whereas NADPglyceraldehyde-3-P dehydrogenase activated by DTT-reduced thioredoxin was partly deactivated by GSSG, the enzyme activated by photochemically reduced thioredoxin was not appreciably affected under these conditions.
A final noteworthy point concerns the relation of the ferredoxindependent regulatory system under consideration here to the protein disulfide reductase activity that was found some years ago by Hatch and Turner (8) . Several results support the possibility that the reductase observed was due to the joint action of thioredoxin and NADP-thioredoxin reductase: (a) thioredoxin, unlike ferredoxin, is present in seeds (7); (b) thioredoxin can catalyze the reduction of disulfide bonds in proteins such as insulin (11) ; (c) NADP-thioredoxin reductase, an enzyme not found in chloroplasts (26) , is widely distributed in nonphotosynthetic cells (10, 17) ; and (d) a similar disulfide reductase activity described several years ago from rat liver (23) is, according to recent evidence (1 1), identical with the NADP/thioredoxin system. It will be of interest to see whether the NADP/thioredoxin system functions in reductive enzyme regulation in nonphotosynthetic cells or organelles in a manner analogous to the ferredoxin/thioredoxin system of chloroplasts (26) .
CONCLUSION
The present results provide evidence that NADP-glyceraldehyde-3-P dehydrogenase resembles fructose 1,6-bisphosphatase and NADP-malate dehydrogenase in its capacity for activation by the ferredoxin/thioredoxin system of chloroplasts. The requirement for soluble proteins for light-dependent activation (ferredoxin, thioredoxin, ferredoxin-thioredoxin reductase) suggests that none of these enzymes interacts directly with membranebound components, at least under the experimental conditions tested (2) .
NADP-glyceraldehyde-3-P dehydrogenase seems to differ, however, from the other enzymes in two important respects. First, unlike the other enzymes, NADP-glyceraldehyde-3-P dehydrogenase can be activated by enzyme effectors independently of thioredoxin; and, second, the deactivation ofthe particular enzyme that seemingly should follow its activation by thioredoxin appears to occur by an unknown mechanism. Further experiments are therefore needed to clarify the relative importance of the two mechanisms of activation of NADP-glyceraldehyde-3-P dehydrogenase and to elucidate its mechanism of deactivation in photosynthesis.
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